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ff-^ ■ non-existence of metastable false vacua rolled through during the inflationary epoch. 
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1. Introduction 

One pending observation in cosmology is the existence of a metastable vacuum differ- 
ent from our own. Up to now the possibilities discussed in the literature are limited 
to primordial events that took place before, and set the initial conditions of, slow-roll 
inflation. For instance bubble nucleation resulting in detectable levels of negative cur- 
vature [1-4] or bubble collisions leading to specific patterns in the Cosmic Microwave 
Background sky [5,6]. As a consequence a long enough period of slow-roll inflation will 
erase all memory of these events and leave us with nothing to observe. 

A possibility that we would like to consider here is to have a metastable vacuum 
during slow-roll inflation. At first this sounds quite contradictory. Indeed, slow-roll 
inflation is an attractor solution involving a slowly changing state that eventually comes 
to and end because the slow change can no longer be maintained. A false vacuum 
by definition implies an attractor solution that is trapped in a non-changing state. 
Naively, one might think these two attractor solutions should be mutually exclusive. 
In other words, a slow-roll inflationary trajectory should not be able to "pass through" 
a metastable false vacuum without being trapped there. 

We will show that the above intuition is incorrect. First of all we should note that 
this is not new. After all there are a large number of slow-roll inflationary models 
and it should not come as a surprise that some of them, in some parameter range. 
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do contain one or more metastable false vacua. In particular there has been a lot of 
work over recent years on adding specific features to simple slow-roll models and study 
the observable outcome [7, 8] . Although the stand-alone properties of these features 
in the potential are typically not of main concern and therefore less studied, in some 
parameter range they actually do correspond to metastable false vacua, as we will point 
out. We will use the simplest possible model - slow- roll with a canonical scalar field - 
to illustrate the dynamics of rolling through a metastable false vacuum. As one should 
expect vacuum stability requires a 'big' barrier in the potential. At the same time, the 
barrier cannot be too 'big' to disrupt the slow-roll process. By carefully defining what 
turn out to be different standards of 'big' in this simplest scenario, we show that it is 
possible to satisfy both conditions at the same time. 

Our basic example allows us to derive roughly the necessary conditions for travers- 
ing a stable vacuum during slow-roll inflation. Specifically we identify under what 
conditions a stable vacuum only fractionally disturbs the slow-roll process by a fac- 
tor of 10~^ ~ 10~^. The leading order instability of the false vacuum will then be 
through Coleman-deLuccia tunneling, suppressed by e~^° ~ 6"^"°. Including the ob- 
servational constraints, this happens to be the parameter range that is consistent with 
the WMAP7 [9,10] results and can be probed by Planck [11]. In general, a feature 
corresponding to a traversable false vacuum will result in an oscillating pattern on the 
power spectrum and the bispectrum [7, 12]. Notably slow- roll disturbances smaller than 
a factor of 10^^ ~ 10^^ will not only be unobservable by Planck, but at the same time 
result in an unstable 'vacuum'. This suggests that unlike many other properties of 
slow-roll inflationary models, passing through a metastable false vacuum feature can 
actually be ruled out. On the other hand, when a feature would be detected by Planck 
one will be hard-pressed to uniquely identify it as due to a metastable false vacuum. For 
that one would need to know the details of the shape and the phase of the oscillation, 
which is notoriously difficult. 

Our basic result automatically generalizes to multi-field inflationary models as long 
as the slow-roll process follows the gradient flow and the effective fleld along the gradient 
flow has a canonical kinetic term. Although this includes a signiflcant portion of the 
available models, there are some notable exceptions. It excludes slow-roll models that 
are not driven by gradient flow [13,14], models with effective DBI kinetic terms [15] and 
models that cannot be described by effective scalar flelds [16]. Even so, we would like to 
stress that this mechanism implies additional opportunities, not just restricted to the 
period of slow-roll inflation, to observe the existence of metastable false vacua within 
our observable cosmological history. This includes for instance the reheating process 
and many possibly many other interesting scenarios waiting to be further investigated. 

The structure of this paper is as follows. In Sec.0, we discuss some existing models 
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that can include a false vacuum, or that are in some ways relevant to such a possibil- 
ity. In Sec.^, we introduce and analyze the basic single field infiationary model and 
derive the necessary conditions to slowly roll through a metastable false vacuum. In 
Sec.^ we briefiy discuss the observable consequences and point out that a metastable 
false vacuum can be consistent with the WMAP7 and recent Planck data. Even bet- 
ter, if Planck does not see anything, traversable metastable false vacua are 
ruled out. Finally in Sec.|^, we summarize, discuss generalizations and point towards 
interesting future directions. 

2. Existing Models 

This section is effectly a short review of related slow-roll models. Readers familiar with 
the topic can choose to skip it and proceed to our main analysis in Section]^. 

To start out let us have a look at some known models that could possibly feature the 
presence of metastable false vacua during infiation. An obvious set of slow-roll theories 
to consider are Chain-Infiation models [17], described by (variants of) the following 
potential 

V{cP) = Vo-K^-mtcos(^^^ . (2.1) 

4 

For -^ ^ kc, it contains many false vacua roughly at = NAcp^- The essential 
idea is that a vacuum will rapidly tunnel to the next one by nucleating many bubbles. 
These bubbles percolate and the entire spacetime transits into the next vacuum state. 
Repeating this process is comparable to slow-roll evolution, as shown in Fig.|l[ However, 
in order for the repeated percolation to take place, the typical lifetime of these false 
vacua should be at most one Hubble time^. As such they do not qualify as metastable 
false vacua. However, there are two ways to modify this model that will allow the 
presence of metastable false vacua. 

The first modification comes from better understanding the classical transitions 
whenever domain walls collide [21-24]. For the potential given by Eq. ( |2.1| ), percolat- 
ing bubbles will not just stop at the next vacuum. The domain walls will cross each 
other and automatically proceed down the chain [19], as shown in Fig.^ This implies 
that even though the initial false vacuum has to be short-lived to allow the first gener- 
ation of bubbles to percolate, subsequently all other false vacua can have exponentially 



-"^If the average lifetime is one Hubble time, one needs '^ 60 minima for ^ 60 e-foldings. However 
it is clear that such effective slow-roll will be quite uneven. In order to produce the observed density 
perturbation on needs ~ 10^ of repeated nucleations [18]. Later it was realized that repeated nucleation 
is actually not the correct dynamics when domain walls collide and the correct number of minima 
should be- 10« [19,20]. 
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Figure 1: The potential (left) and the spacetinie diagram (right) of chain inflation in the 
original proposal. We show only the first 4 minimum but in general there should be a lot 
more. The spacetime diagram depicts 3 bubbles nucleate and collide simultaneously, bringing 
the entire region into roughly the next minimum. Repeating these nucleations and collisions 
can take the field through the potential and mimic slow-roll inflation. The realistic process 
will not be this uniform but on large scales it is essentially the same. 




Figure 2: The corrected spacetime diagram of chain inflation. When two domain wall 
collides, a classical transition automatically brings the field down to the next vacuum. Only 
the first generation of bubbles are necessary. If one spatial direction is periodic, the first 
generation can even contain only one bubble. One can picture such situation by periodically 
identifying the dashed lines. 



long lifetimes. Once started, the classical crossing of subsequent domain walls walls 
automatically results in an effective phase of slow-roll inflation. 

Recently this mechanism was further improved by introducing compact extra di- 
mensions [25-27]. Essentially a periodic identification in Fig.|^ will mean that an initial 
bubble will collide with itself in the compact dimensions. As a consequence one bubble 
is enough to start the entire process and all of the false vacua can have long lifetimes. 
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Obviously these models are quite interesting, but for our purposes here they are un- 
necessarily contrived. For one they rely on the special mechanism of classical domain 
wall transitions, whereas we would like to show that passing through a metastable false 
vacuum does not require a special mechanism and is quite a generic possibility. 

Another modification, or parameter regime, in Chain- Inflation models is to consider 
small rric in Eq. ( |2.1| ), such that 

27rmf 

< h ■ (2.2) 



This makes the potential monotonically decreasing, so obviously tuning k^ can lead 
to a standard slow-roll model with small periodic disturbances. This type of poten- 
tial is in fact motivated by monodromy inflation and the periodic feature can lead to 
interesting signatures [28]. Most of the work in this direction assumes Eq. (|2.2| ), but 
a priori that is not a necessary restriction. If we increase rric slightly such that V is 
no longer monotonically decreasing, it does not mean that the slow-roll evolution is 
suddenly significantly disturbed. Indeed, interestingly we can keep increasing rric until 
the false vacua become metastable, while at the same time keeping the slow-roll process 
minimally disturbed. 

In order to demonstrate that a metastable false vacuum does not necessarily ruin 
slow-roll evolution, we clearly do not have to consider a potential with many minima 
as in Eq. (p.l|). It can simply be understood by studying the dynamics of a slow-roll 
potential featuring one false vacuum. This connects nicely to studies of potentials 
with step features, which in some cases might correspond to a false vacuum [7,12]. 
In the next section we will show that the condition for a minimum to correspond to 
a metastable false vacuum is directly related to how much it disturbs the slow-roll 
process. As a corollary we conclude that slow-roll evolution in inflationary models 
with step features, or in models of monodromy inflation, can be maintained even in 
parameter ranges where the false vacua are metastable. 

3. Rolling Through a Vacuum 

In this section we will derive the conditions for (almost) undisturbed slow-roll evolution 
while passing through a metastable false vacuum. To keep things as general as possible 
we study the simplest example with just one canonical scalar field. Let us consider 
the following potential, that includes a potentially metastable false vacuum in the field 
range between —(pf < cf) < 3<^/, 
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2 tpf 3 (pf 



Figure 3: Inserting a twisted segment in a slow-roll potential. 



As shown in Fig.|], there is a local minimum at = 0. The barrier is described by two 
parameters, its height and its width, which in our case can be identified with 



barrier width ~ (pf , 
barrier height ~ m^0^ 



/ • 



Moreover, this potential has the convenient property that at = —4. 
the false vacuum feature connects smoothly to the unperturbed slope 



and 



dV 



= -m (pf = k . 

'<f>f or 34>f 2 



(3.2) 
(3.3) 

3(j)f, 



(3.4) 



Clearly, this particular set-up should be well-suited to study the (slow-roll) dynamics 
in the presence of a false vacuum. By construction the false vacuum feature stops 
disturbing slow- roll when the slope of the potential returns to the original value k just 
before it entered the feature. 

As it turns out the dynamics is most conveniently parametrized by two dimension- 
less parameters, a and /3, that we will shortly define. The parameter a controls the 
stability of the false vacuum, with a > 1 corresponding to met ast ability. The parame- 
ter P controls the disturbance of the slow-roll dynamics, with /3 ^ 1 corresponding to 
undisturbed slow-roll evolution. 

3.1 Disturbed slow-roll evolution 

Let us assume slow-roll evolution just before the scalar field enters the false vacuum 
feature. Just before entering the feature we identified the slope of the potential as k 
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and demanding that the first slow-roll condition is satisfied we obtain 

where M^ = g^ and Vi is the value of the potential just before entering the false 
vacuum feature. 

We will require that the false vacuum feature only slightly disturbs the slow-roll 
process. In order for this to be possible, the range in field space ~ 0/ of the barrier must 
be smaller than the field range corresponding to a single e-fold. Using that k ^ —3H(f) 
in the slow-roll limit, this means 

h < Ml (I) . (3.6) 

Assuming this condition is satisfied, passing through this feature will take less than 
one Hubble time and the slow-roll phase should not be significantly disturbed. Corre- 
spondingly the Hubble friction is not draining a significant amount of energy and we 
can roughly estimate the amount of energy change caused by the false vacuum feature 

(3.7) 

For this to be a small perturbation, as assumed, it should be much smaller than the 
typical kinetic energy during slow-roll evolution, i.e. 

Im^) « Ml ^ . (3.8) 

So far, this has been completely general, but now we want to make use of the fact 
the for the potential under consideration the slope k and the field value (f)f are related 
by Eq. ( ^.4[ ). Plugging this relation into Eq.( |3.8| ) we arrive at the final condition 
for undisturbed slow-roll evolution in the presence of a false vacuum, introducing the 
dimensionless parameter /5, 

/3 = - » 1 . (3.9) 

One can easily check that this final result is indeed self-consistent with the starting 
assumption, in the sense that large /3 implies that the field range (pf is traversed in 
far less than a single e-fold. To be precise, defining the field range traveled in a single 
e-fold as A0i, one derives that 

|0;| = |2A0i|r'. (3.10) 
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Figure 4: The first slow-roll parameter e (left) and the second slow-roll parameter r/ (right) 
as functions of (p when it passes through the false vacuum. The undisturbed values should be 
e = 0.01 and 77 = in our example. 



In other words the fraction of Hubble time spend moving through the false vacuum is 
measured by /3~^, which for /3 ^ 1 is much smaller than 1. 

A numerical solution for e in Fig.^ confirms our analytical estimation. Note that 
the second slow-roll parameter, 77 = e/{He) is strongly disturbed, for a short duration. 
That is why the spectrum of small fluctuation can be significantly affected while the 
overall slow-roll process is not. 

3.2 Vacuum Stability 

Now that we have derived the condition for a traversable false vacuum, let us next 
investigate the criteria for (meta-) stability. For the local minimum at = to be 
a metastable false vacuum, we need to make sure the following two non-perturbative 
processes are exponentially suppressed: 

1. Decay via a Hawking-Moss instanton.^ 

2. Decay via a Coleman-deLuccia instanton. 

To find the probability for the false vacuum to decay via a Hawking-Moss instanton 
we compute, as usual, the Euclidean action, giving 

'S'hm ■ 



-Sir'M^Rl^ , 



3Mpi?HM 



3M^H^ + -mVJ • 



This result of course provides us with the exponent of the decay rate 
— In Fhm ~ 



Sn^M^H-^ + S] 



HM 



167r2 mV/ 



m 



(3.11) 
(3.12) 

(3.13) 



^ Since the top of the potential barrier and the false vacuum have the same mass scale m, the 
Hawking-Moss instanton gives the same condition as any other form of thermal instability. 



In order for the Hawking- Moss decay rate to be exponentially suppressed, the following 
condition therefore needs to be satisfied 

-^ » 1 . (3.14) 

We will soon see that the above condition can be considered redundant, i.e. is auto- 
matically satisfied when both the Coleman-deLuccia decay is exponentially suppressed 
and the false vacuum does not significantly interrupt the slow-roll evolution. 

Let us now turn to the Coleman-de Luccia decay rate. To start we first estimate 
the domain wall tension, 

a ~ m0j . (3.15) 

Note however that in this case we should consider tunneling to a point on the potential 
with a non-zero slope instead of another minimum, implying that the thin-wall ap- 
proximation is invalid. In other words, the bubble size roughly equals the thickness of 
the wall m~^. If we would nevertheless estimate the tunneling rate using the standard 
thin-wall formula, we obtain 

- log TcDL ~ am-'' = ^ . (3. 16) 

m^ 

A more accurate thick-wall numerical calculation^ of the instanton solution reveals an 
additional factor of ~ 300. 

-logTcDL ~ 300-4 . (3-17) 

With the above result we now arrive at the second dimensionless parameter a, which 
should satisfy the following condition to exponentially suppress Coleman-deLuccia false 
vacuum decay 

a = -^ > 1 . (3.18) 

m 

Combining conditions Eq. (|3.18|) and Eq.( p.9|) , which guarantees undisturbed slow- 
roll evolution, we note that the condition for exponentially suppressed Hawking-Moss 
decay of the false vacuum Eq. ( p.l4|) is automatically satisfied and therefore redundant 



,2 J,2 



Tfi d) 

-^ = «2/3^»l. (3.19) 



^It is a numerical implementation of the overshoot- undershoot method described by Coleman [29] . 
The setup is very simple and similar to [30] which we will not go into details here. 
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As a corollary the leading order instability of the metastable false vacuum which min- 
imally disturbing the slow-roll process is always through Coleman-deLuccia tunneling, 
which is governed by Eq. (|3.18|) . 



To summarize: in order for a false vacuum feature to be metastable and 
at the same time not disturbing slow-roll inflation requires that the two di- 
mensionless parameters a = ^ and /3 = ^ both be large. This corresponds 
to inflationary potentials with false vacua described by the following 'hier- 
archy' of scales (pf > m > H. Such a hierarchy can easily be constructed in 
general, but the magnitude of primordial density perturbations does impose 
an additional constraint, as we will discuss next. 

4. Observational constraints 

So far we have been treating a and /3 as two free parameters, but arbitrarily tuning 
them will have observational consequences. This is because they implicitly control H 
and e. In particular, the observed magnitude of the primordial density perturbation 
implies that 



,5/ \27i(j)J lOnk p 
Combining this expression with with Eq. ( ^^ , ( p.9|) and ( p.l8| ), one sees that 



a/33 = ^f = ^ X ,04 (4,2) 

TT op IT 

As a consequence arbitrarily large values for both of a and /3 are excluded. There 
remains some room however to satisfy both conditions, for instance for a /3 between 
10 and 50 we can still slow-roll through a metastable vacuum a > 1. Disturbing 
slow-roll even less, i.e. for /3 > 50, the false vacuum necessarily has to be unstable 
in order to satisfy the observational constraint on the primordial density perturbation. 
Note that the primordial density perturbation also constrains a combination of the 
inflationary scale H/Mp and the first slow-roll parameter e, since — = ^f^ ^— = 
10"^. Comparing this to Eq. ([4.2| ) one readily sees that the parameter constraints 
are independent, implying that the condition to slow-roll through a metastable false 
vacuum does can in principle be satisfied for arbitrary inflationary scales H/Mp. 

We can next ask what kind of signature a traversed metastable false vacuum leaves 
on the CMB sky. Fortunately there exists a large body of work on the observational 
signatures of isolated features on the slow-roll potential. A particular type of feature 
that is very similar to a metastable false vacuum is the step feature [7,12]. Translating 
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the natural parameters describing a step feature (width and relative height) to the 
specific toy-model false vacuum studied here one finds 

width ~ (j)f , (4.3) 

relative height ~ j^ = — . (4.4) 

The original analysis applied to both negative as well as positive relative heights of the 
step, whereas a false vacuum can of course only be compared to a rising step feature. 
As it turns out the width of the step feature in field space is not directly relevant, 
instead the meaningful parameter is the fraction of Hubble time the field spends in 
this field range, which as we saw in Eq. ( |3.1CI| ) is given by /3~^. Looking at the above 



parameter identification this means that large /3, besides ensuring slow-roll evolution 
through the false vacuum feature, should be similar to a sharp step feature. This is 
exactly the interesting regime studied in [12], so we can apply their results directly. 

According to [12], a sharp step feature leads to oscillating behavior in the power 
spectrum. The relative step height determines the amplitude and the WMAP7 con- 
straint roughly equals [9] 

^<0.1.. (4.5) 

So we conclude that /3 ^ 10 does not conflict with the WMAP7 observational bounds 
on step features. In our specific toy-model the false vacuum feature can only affect the 
observables by disturbing the slow-roll process. Presumably a detailed power- and bi- 
spectrum analysis of the recent Planck data [11] will improve this bound significantly. 
As a consequence a false vacuum feature with /3 ~ 10 has a good chance to be observed. 

Most interestingly, Planck will not be able to see (3 > 100 as estimated in [12]. 
This is a common situation in the literature of slow-roll features — the proposed feature 
can still exist even if unseen by Planck. However our case is entirely different. Due 
to the constraint from {6p/p), Eq. ( [4.2] ), larger values (3 > 100 fail the metastability 
condition (a > 1) for the false vacuum feature. Therefore "not being seen" by Planck 
actually rules out the existence of a slow-roll traversed metastable false vacuum, at 
least in single canonical field models which are favored by recent Planck data. 

If an oscillating feature in the power spectrum is observed, would it be possible to 
explicitly link it to a metastable false vacuum feature? Obviously this will be difficult, 
since we have utilized the observational bounds as derived for generic sharp step fea- 
tures. Most likely detection might lead to a decent estimate on the amplitude of the 
oscillating feature, which leaves a large degeneracy among all possible feature shapes. 
A metastable false vacuum is just one possibility. To really distinguish among different 
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(sharp) features, one would need to accurately observe all details of the oscillating pat- 
tern, like the phase and the specific shape, which might be a tall order for some time 
to come. 

5. Discussion 

In this article we explicitly determined the conditions that need to be satisfied in order 
for a false vacuum feature in a slow-roll potential to be 1) slow-roll traversable and 
2) metastable. For this to be possible the scale 0/ corresponding to the width of the 
false vacuum feature has to be larger than the scale m corresponding to the mass, 
or curvature, of the false vacuum potential, which has to be bigger than the scale of 
slow-roll inflation H, i.e. (pf > m ^ H. In general this hierarchy of scales can easily be 
satisfied, but the magnitude of primordial density perturbations (Sp/p) ~ 10^^ severely 
restricts the parameter space. Interestingly the remaining parameter range, expressed 
in terms of a and (3, can be significantly tightened, and perhaps even excluded, by 
looking for oscillating signatures in the power spectrum as measured by Planck. So the 
existence of traversed metastable false vacua during slow-roll inflation is ruled out if 
Planck does not detect any oscillating features in the power spectrum. 

It would be interesting to further study the detailed observational signatures of a 
rolled through metastable false vacuum feature. In particular it is of interest to see 
whether and how a metastable false vacuum can be distinguished from other types of 
(sharp) features. This might in particular involve a careful analysis of higher order 
statistical observables of the primordial density fluctuations. The biggest degeneracy 
might be between a rising step (slowing down slow-roll) that could be a metastable false 
vacuum and a lowering step (speeding up slow-roll) that is clearly not a candidate for 
a metastable false vacuum. According to [12] the difference in the observational signal 
is only in the initial phase of the oscillation in the power- (or bi-) spectrum. Clearly 
the recent Planck data set should be analyzed in detail to either rule out the existence 
of slow-roll traversed metastable false vacua, or in case of a feature detection, try to 
ascertain its properties as accurately as possible. 

Let us make some final remarks regarding the 'coincidence' of Planck being able to 
rule out the existence of traversable metastable false vacua. Our current observational 
capability of course should not have a fundamental physical meaning. However Eq. ( [4. 21 ) 
provides an intriguing relation between the false vacuum stability, traversability, and 
the value of density perturbation. In a universe where (Sp/p) is larger, for example 
10"^ ~ 10~^, the presence of a metastable false vacuum would necessarily trap the 
inflaton. A trapped universe can later tunnel out. If it tunnels in the direction, 
the previous e-foldings are lost and the effective duration of inflation is reduced. If it 
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tunnels out in other directions, most likely there will be no inflation at all [1,31]. Both 
cases lead to a smaller chance for the standard cosmology and a bigger chance for an 
empty universe. 

This relation might be useful in the multiverse framework [32]. Our value of {6p/p) 
is notoriously difficult to come by as an anthropic prediction. Holding all other cos- 
mological parameters fixed, a larger value of (Sp/p) increases the physical density of 
entropy /baryon/observers. This implies a naive runaway problem [33, 34] — Our uni- 
verse should have a bigger (Sp/p) if we are anthropically selected from a multiverse. 
Our finding points to a possible solution to that problem. If for some reason the 
vacuum-like features are common along a slow-roll potential, then models with larger 
(Sp/p) are less stable in the sense that they are prone to be trapped by false vacua and 
produce less observers. This implies an anthropic disadvantage for larger {6p/p) and 
maybe a natural cutoff for the runaway problem. 
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